Background Corticosteroids are a common, short-term, local antiinflammatory and analgesic for treating patients with musculoskeletal disorders. Studies have shown the deleterious effects of corticosteroids on chondrocytes, suggesting a potentiation of degenerative joint disease. Mesenchymal stem cells (MSCs) are the direct progenitors of chondrocytes and other musculoskeletal tissue.
betamethasone, the mean MTS OD at 0% steroid concentration was 1.03 (SD, 0.12) and decreased to 0.00 (SD, 0.00) at 25% steroid concentration. For dexamethasone, the mean MTS OD at 0% steroid concentration was 1.00 (SD, 0.07) and decreased to 0.00 (SD, 0.01) at 100% steroid concentration. For methylprednisolone, the mean MTS OD at 0% steroid concentration was 1.03 (SD, 0.09) and decreased to 0.00 (SD, 0.00) at 100% steroid concentration. For triamcinolone, the mean MTS OD at 0% steroid concentration was 1.02 (SD, 0.09) and decreased to 0.00 (SD, 0.00) at 75% steroid concentration. There were large differences among commercially available preparations, and these differences were present at every concentration. In general, dexamethasone was most gentle on MSCs (average OD by steroid concentration: 0% = 1.00; 3.125% = 0.86; 6.25% = 0.74; 12.5% = 0.53; 25% = 0.30; 50% = 0.20; 75% = 0.09; 100% = 0.00, triamcinolone and methylprednisolone were intermediate (triamcinolone average OD by steroid concentration: 0% = 1.02; 3.125% = 0.82; 6.25% = 0.64; 12.5% = 0.45; 25% = 0.18; 50% = 0.03; 75% = 0.00; 100% = 0.00; methylprednisolone average OD by steroid concentration: 0% = 1.03; 3.125% = 0.74; 6.25% = 0.54; 12.5% = 0.31; 25% = 0.12; 50% = 0.01; 75% = 0.00; 100% = 0.00), and betamethasone was most toxic (average OD by steroid concentration: 0% = 1.03; 3.125% = 0.74; 6.25% = 0.27; 12.5% = 0.02; 25% = 0.00; 50% = 0.00; 75% = 0.00; 100% = 0.00). ANOVA testing showed p values less than 0.0001 at every tested concentration (with the exception of the 0% control solution; p = 0.204) with subsequent pairwise comparisons supporting the relationships described above. The outcomes were maintained after stratifying by age, sex, or indication for THA (osteoarthritis versus avascular necrosis). Conclusions Commonly used intraarticular corticosteroids had a dose-dependent, profound, and differential effect on MSCs in this in vitro model, with betamethasone being the most toxic. Further studies are needed to assess if the in vitro effects of these agents translate into similar in vivo outcomes. Clinical Relevance Corticosteroids frequently are used by physicians to reduce inflammation in patients with musculoskeletal disorders, but these agents may hinder MSCs' innate regenerative capacity in exchange for temporary analgesia. Our study suggests that choosing dexamethasone may result in less harmful effects when compared with other injectable steroids.
Introduction
Osteoarthritis is a painful, degenerative joint disease that affects more than 27 million Americans yearly [11] . The debilitating pain associated with osteoarthritis often is resistant to many nonoperative therapeutic modalities with time [2, 3] . Orthopaedic surgeons, rheumatologists, and primary care physicians commonly use corticosteroid injections to treat joint pain resulting from osteoarthritis [1, 14, 18, 22] . Corticosteroids generally are effective in providing short-term relief, but these agents rarely achieve sustained results for patients. Additionally, deleterious effects of corticosteroid treatment on chondrocytes have been observed [8, 15, 21] . Current recommendations limit most patients to a maximum of four corticosteroid injections per year in a given joint [26] .
Although much has been written about steroid effects on chondrocytes [5, 13, 16, 19, 24] , little is known regarding their effect on mesenchymal stem cells (MSCs). MSCs are multipotent progenitor cells with regenerative and repair potential found throughout human body tissue, including bone marrow, adipose, periosteum, and synovial fluid [9] . MSCs are capable of differentiating into mature cellular phenotypes, including bone, cartilage, muscle, fat, and tendon. They play a critical role in the natural healing process of intraarticular disorders, as they have been observed to proliferate in response to intraarticular damage [12, 14, 20] . The effect of injectable corticosteroids on human MSCs is relevant for soft tissue healing during the immediate postoperative period and in the potentiation of cartilage damage during the course of nonoperative treatment regimens.
We therefore asked the following questions: (1) Are corticosteroids cytotoxic to MSCs in a dose-response fashion? (2) Is there a differential effect in the level of cytotoxicity to MSCs between commercially available corticosteroid preparations? Secondarily, we aimed to explore whether there are differences in viability based on source disorder type (osteoarthritis versus avascular necrosis), patient sex, and age.
Materials and Methods

Adipose Digestion
Following institutional review board approval, 2-g periarticular adipose tissue was obtained from the surgical incision of 20 patients undergoing primary THA for osteoarthritis or avascular necrosis (Table 1) . Adipose tissue was processed as previously described [6] . Briefly, adipose tissue was minced with a surgical scalpel and incubated in 0.01% collagenase type I (Sigma Aldrich, St Louis, MO, USA) for 90 minutes. The digested adipose tissue then was centrifuged, washed, and strained to separate tissue debris; then incubated in red blood cell lysis buffer (Stem Cell Technologies, Vancouver, BC, Canada). The derived solution was centrifuged, supernatant removed, and the pellet resuspended in expansion media containing advanced minimum essential medium (aMEM) with 10% fetal bovine serum (FBS), 100 l/mL penicillin, 100 g/mL streptomycin, and 2 mol/L-glutamine (Invitrogen, Carlsbad, CA, USA).
MSC Culture
Cells were grown at 37°C in a humidified 5% CO 2 incubator for 24 hours. Next, nonadherent cells were removed from the culture dishes and expansion media were changed every 48 to 72 hours. Cells were expanded until they reached 90% confluence, at which time they were trypsinized and expanded until the third passage. Cells then were seeded in triplicate on 96-well plates at a density of 2500 cells per well and cultured for 72 hours in expansion medium. During this growth period, cell cultures achieved 90% confluence, after which time they were exposed to experimental treatment.
Immunophenotypic Characterization of Cells
In addition to seeding cells on 96-well plates for experimental treatment after the third passage in cell culture, a subset of cells was attained for immunophenotypic analysis. Trypsinized cells were washed in medium and centrifuged for 5 minutes at 1700 revolutions per minute to create a cell pellet. The cell pellet then was resuspended in 100 lL of 19 phosphate-buffered saline (PBS) (Corning Inc, Manassas, VA, USA) and removed for immunophenotypic analysis. Each cell preparation was stained with the following monoclonal antibodies: mouse anti-human CD34-APC (clone MOPC-21), CD14-FITC (clone G155-178), CD45-PE-Cy7 (clone MOPC-21) (all from BD Biosciences, San Jose, CA, USA), CD105-PE (clone SN6), and CD90-PerCP-Cy5.5 (clone 5E10) (both from eBioscience, San Diego, CA, USA). Analysis was performed using an LSR II flow cytometer, and the subsequent data were analyzed with Cell Quest Pro software (both from BD Biosciences).
Immunophenotypic analysis showed a high proportion of cells that were CD 90 and CD 105 positive, while simultaneously being CD 14, CD 34, and CD 45 negative ( Fig. 1 ). The combination of cell markers is consistent with MSC phenotype and was representative of the entire patient cohort.
Treatment Groups
MSC cultures were treated with one of four corticosteroids commonly used in clinical practice: betamethasone sodium phosphate-betamethasone acetate 6 mg/mL (American Regent Inc, Shirley, NY, USA); dexamethasone sodium phosphate 4 mg/mL (APP Pharmaceuticals LLC, Shaumburg, IL, USA); methylprednisolone (Depo-Medrol 1 ) 40 mg/mL (Pfizer Inc, New York, NY, USA); and triamcinolone acetonide (Kenalog 1 ) 40 mg/mL (Bristol-Myers Squibb, Princeton, NJ, USA).
The FDA has approved all corticosteroids used in our investigation. However, these agents were used only on tissue samples in the laboratory and not for direct patient care for the purpose of clinical research. The cell cultures were allocated in eight replicate wells per corticosteroid and exposed to increasing concentrations of drugs according to the following titrations of the commercially available preparation: (1) 0.0% (control group of 19 PBS); (2) 3.125%; (3) 6.25%; (4) 12.5%; (5) 25%; (6) 50%; (7) 75%; and (8) 100% (undiluted commercial product). All dilutions were created with 19 PBS, which yielded 32 treatment solutions (four corticosteroids at eight concentrations), and triplicate analyses were performed for each of the 20 patient samples. Preliminary studies in our laboratory showed that 60 minutes of PBS exposure followed by 24 hours of recovery in aMEM-10% FBS media did not adversely affect cell viability compared with cells continuously exposed to aMEM-10% FBS media for the same time (data not shown). In addition, PBS has been used successfully as a control solution and dilution solvent for similar studies of drug-induced cytotoxicity [4, 7] . Conversions of steroid concentration for each of the 32 treatment solutions were made to units of mg/mL and molarity for comparison ( Table 2 ). The expansion media were aspirated and 200 lL of the suitable treatment solution was added to each well. The cells then were incubated at 37°C in a humidified 5% CO 2 incubator for 60 minutes. They then were washed gently four times with 19 PBS solution, followed by replacement of expansion media in each well. Cells were incubated at 37°C in a humidified 5% CO 2 incubator until MSC viability was measured 24 hours after treatment.
Assessment of Viability
Cellular Viability Assay
Once the cells reached 90% confluence, cellular viability was measured using the -(4,5-dimethylthiazol-2-yl)-5-(3carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) Cell Viability Assay (Promega Corporation, Madison, WI, USA). Briefly, the aMEM-10% FBS media were aspirated, and the remaining cells were washed with PBS. A 5:1 concentration of aMEM-10% FBS media and MTS substrate were added to the wells and incubated for 4 hours. At the end of the incubation, mitochondrial activity of the remaining cells was measured via standard light absorbance, and cellular viability was quantified in units of optical density (OD) for each group.
Live-dead Staining
MSCs from one randomly chosen tissue donor (Patient 6) were exposed to each treatment condition in a preliminary set of experiments to determine cell viability by two different methods: MTS assays and live-dead cell staining (Fig. 2) . Three replicates were performed for both of the techniques at each respective condition. Live-Dead Cell Viability Assays (Life Technologies, Carlsbad, CA, USA) provide qualitative and quantitative information regarding cell viability. Performance of the live-dead cell study allowed for correlation with the MTS assay to establish the level of validity for the MTS construct. Additionally, the assay provided images for visual confirmation of the cytotoxicity profile for each corticosteroid at all of the tested concentrations.
To perform the live-dead cell viability assay, expansion media were aspirated from each well, and 200 lL of a 1:5000 dilution of ethidium homodimer-1 and calcein AM was added to each well. Cells were incubated for 25 minutes at room temperature. The staining solution was aspirated and 200 lL of 19 PBS was added to each well. Cells were observed using a laser scanning confocal microscope (Carl Zeiss Microscopy, Thornwood, NY, USA) with resultant images acquired at 910 magnification. MSC viability was measured by observing the confocal images in Photoshop (Adobe Systems, San Jose, CA, USA). In the imaging program, a grid was overlaid to facilitate independent counts by three investigators (CCW, MTH, SPW). Calceinstained live cells displayed green fluorescence and ethidium homodimer-1 dead cells emitted a red fluorescence. For each control group (0% corticosteroid in 19 PBS), calceinstained live cells and ethidium-stained dead cells were counted to tabulate the percentage of live cells for each treatment. The total number of cells counted in the control group was used as the standard total cell count for the remaining treatments. In the remaining cases, the number of calcein-stained live cells was counted and divided by the standard total cell count to arrive at a percentage of live cells for each treatment condition. The calculation was performed in this manner to account for dead cells that had been lost in the washouts and media changes.
Correlation of Cellular Viability and Live-dead Cell Assays
Linear regression between the average percentage of live cells (live-dead fluorescent staining) and mean OD (cellular viability assay) yielded an r 2 value of 0.90. Given the strength of the correlation, the cellular viability assay was used exclusively to assess viability for all patients.
Statistical Analysis
All data are reported as mean (SD) for continuous variables and count (percentage) for discrete variables, unless noted otherwise. The primary outcome was the mean OD, as noted previously. As described above, samples from each patient were tested with four different steroids, each at eight different concentrations. Therefore, the analysis was conducted using ANOVA with repeated measures to properly account for the within-patient correlation. Because an interaction was observed between the steroid and concentration effects, the final analysis involved performing separate one-factor ANOVA models with repeated measures to compare the effect of the four steroids separately at each level of concentration. When the global F-test for steroids was statistically significant, pairwise comparisons were performed to identify which steroids were significantly different from each other; to guard against the increased Type I error rate attributable to multiple comparisons, the p values for the pairwise comparisons were adjusted using the Tukey method [25] . The data for one patient were used in an exploratory analysis. Specifically, the association of live cell counts (expressed as a percentage) with the OD was examined using linear regression. All statistical tests were two-sided and p values less than 0.05 were considered significant. All analyses were conducted using SAS version 9.2 (SAS Institute, Inc, Cary, NC, USA), and R version 3.0.1 (R Development Core Team [2011] . http://www.R-project.org/).
Results
Dose-dependent Effects of Corticosteroids on MSC Viability
As the concentration of steroid exposure increased, cell viability decreased in a consistent curvilinear doseresponse pattern (Figs. 2 and 3 ). For betamethasone, the mean MTS OD at 0% steroid concentration was 1.03 (SD, 0.12) and decreased to 0.00 (SD, 0.00) at 25% steroid concentration. For dexamethasone, the mean MTS OD at 0% steroid concentration was 1.00 (SD, 0.07) and decreased to 0.00 (SD, 0.01) at 100% steroid concentration. For methylprednisolone, the mean MTS OD at 0% steroid concentration was 1.03 (SD, 0.09) and decreased to 0.00 (SD, 0.00) at 100% steroid concentration. For triamcinolone, the mean MTS OD at 0% steroid concentration was 1.02 (SD, 0.09) and decreased to 0.00 (SD, 0.00) at 75% steroid concentration.
Cytotoxicity of Different Corticosteroid Preparations
In general, dexamethasone was most gentle on the MSCs, triamcinolone and methylprednisolone were intermediate, and betamethasone was most toxic (Figs. 2 and 3 ). Dexamethasone resulted in the following average OD by steroid concentration: 0% = 1.00; 3.125% = 0.86; 6.25% = 0.74; 12.5% = 0.53; 25% = 0.30; 50% = 0.20; 75% = 0.09; 100% = 0.00 (Table 3 ). Triamcinolone resulted in the following average OD by steroid concentration: 0% = 1.02; 3.125% = 0.82; 6.25% = 0.64; 12.5% = 0.45; 25% = 0.18; 50% = 0.03; 75% = 0.00; 100% = 0.00) ( Table 3) . The corticosteroids were applied in a scaled titration, including 3.125%, 6.25%, 12.5%, 25%, 50%, 75%, and 100% of the concentration in the commercially available preparations. Live cells are stained with calcein-AM (green) and dead cells with EthD-1 (red)(Original magnification, 910).
Methylprednisolone resulted in the following average OD by steroid concentration: 0% = 1.03; 3.125% = 0.74; 6.25% = 0.54; 12.5% = 0.31; 25% = 0.12; 50% = 0.01; 75% = 0.00; 100% = 0.00) ( Table 3 ). Betamethasone resulted in the following average OD by steroid concentration: 0% = 1.03; 3.125% = 0.74; 6.25% = 0.27; 12.5% = 0.02; 25% = 0.00; 50% = 0.00; 75% = 0.00; 100% = 0.00) ( Table 3 ). ANOVA testing showed p values less than 0.0001 at every tested concentration with the exception of the 0% control (p = 0.204). Pairwise comparisons between triamcinolone, methylprednisolone, and betamethasone showed differences at the various concentrations, but generally followed the patterns noted above ( Table 3 ). The mean difference in OD, with 95% CIs and p values, for all pairwise comparisons was determined at each concentration level (Table 3 ).
Other Findings
When accounting for surgical indication, there were few differences in cell viability between those with osteoarthritis (n = 13) compared with avascular necrosis (n = 7) at the various concentrations of corticosteroids (Tables 4  and 5 ; Supplemental material is available with the online version of CORR 1 ). Furthermore, adjusting for patient sex (women, n = 10; men, n = 10) or a binary analysis of age (younger than 50 years, n = 10; older than 50 years, n = 10) did not alter statistical significance of outcomes (Tables 6 and 7 ; Supplemental material is available with the online version of CORR 1 ).
Discussion
Osteoarthritis has a growing incidence and prevalence [10, 23] . Current clinical guidelines recommend the use of intraarticular corticosteroids for treatment of moderate-tosevere joint pain associated with osteoarthritis [14] .
Although effective for short-term pain relief, consideration of the effect of these cytotoxic treatments on progression of joint damage and postoperative tissue healing rates is needed. Studies have shown that corticosteroids have a negative effect on chondrocytes [8, 15, 21] and that local anesthetics have a cytotoxic, yet differential, effect on MSC viability [4, 17] . However, little is known regarding the cytotoxic effects of these injections on reparative MSCs. Owing to the important role MSCs play in tissue regeneration and the intraarticular healing cascade [14] , the cytotoxic effect could have significant clinical ramifications. We aimed to determine if there is a dose-dependent cytotoxic effect of corticosteroids, and if this effect varies between different drug preparations. methylprednisolone (40 mg/mL), or betamethasone (6 mg/mL). The corticosteroids were applied in a scaled titration including 3.125%, 6.25%, 12.5%, 25%, 50%, 75%, or 100% of the concentration in the commercially available preparations. * Table 3 shows specific pairwise comparisons. Our findings must be taken in light of several limitations. First, the nature of an in vitro experiment may not recapitulate the in vivo intraarticular microenvironment and translate to a similar clinical result. Furthermore, it is difficult to reproduce the true intraarticular concentration of corticosteroids owing to the varying degrees of effusions and pharmacokinetic idiosyncrasies of the intraarticular microenvironment. Additional studies are needed to determine if the immediate and profound cytotoxic in vitro effects of corticosteroids translate into in vivo intraarticular toxicities. Another limitation is that our experimental model was performed using titrations of commercially available corticosteroid preparations. An alternative approach would have been to standardize the concentrations by milligrams per milliliter or by molarity ( Table 2 ). The rationale behind our titration system was to most closely mimic clinical practice, which commonly uses dilutions of commercially available corticosteroids.
Cytotoxic effects of corticosteroids on MSCs are dosedependent. Previously, the cytotoxic effect of corticosteroids on chondrocytes was established in human and animal models [5, 13, 16, 19, 24] . Studies have shown that repeated use of intraarticular methylprednisolone led to increased release of cellular degradation products from articular cartilage [19] . Similarly, in our study, as the concentration of corticosteroid was increased for each of the four preparations, cell viability decreased in a curvilinear manner. Our study is the first, to our knowledge, that investigates the MSC toxicity profile of corticosteroids in their clinically available form. A previous study showed that higher doses of intraarticular corticosteroid injection produce abnormal changes in the cytoplasm and nucleus of chondrocytes, leading to cell degeneration [16] . Accordingly, in our in vitro study, corticosteroid preparations in their undiluted form resulted in no MSCs surviving after treatment. Cell culture damage was documented even with the lowest tested titration at 3.125% of the original clinical preparation. Our findings on dose-dependent cytotoxicity in MSCs concur with previous findings of corticosteroid toxicity in chondrocytes.
Each drug preparation was cytotoxic to MSCs in a doseresponsive manner, yet the level of severity differed greatly among groups. Betamethasone showed the largest degree of injury to MSCs compared with dexamethasone, methylprednisolone, and triamcinolone. Similarly, previous in vitro studies in human chondrocytes showed higher chrondrotoxicity with betamethasone compared with triamcinolone acetonide [8] . One investigation showed that betamethasone alone exerted minor toxic effects on chondrocytes whereas the coupling of betamethasone with its common inactive ingredient, benzalkonium chloride, resulted in greater than 99% of articular chondrocyte death [7] . Elucidating the effect of benzalkonium chloride in addition to other inactive ingredients on MSCs deserves further investigation. Additionally, studies have shown that local anesthetics have a differential effect on the viability of MSCs with ropivacaine being least injurious to cells [4, 17, 21] . The differential toxicity of local anesthetics is similar to the variable effect of corticosteroids on MSCs. These results may allow clinicians to choose an ideal combination of local anesthetic and corticosteroid with a lower toxicity profile for intraarticular injections.
Corticosteroids had a profound cytotoxic effect on MSCs in this in vitro model. Although all preparations were injurious to MSC viability in a curvilinear doseresponse pattern, dexamethasone was associated with the smallest degree of harm, whereas betamethasone had the most pronounced toxicity to the MSCs. The findings of our in vitro investigation shed light on the importance of clinical investigations examining the modulatory effect of the intraarticular microenvironment and whether any measures potentially can offer cytoprotection for MSCs exposed to corticosteroids. The differential cytotoxicity shown by our investigation suggests that certain preparations could mitigate the side-effect profile of corticosteroid use. Young patients and those without imminent need for reconstructive procedures may benefit from this consideration. Our study findings give providers and patients another element to consider when deciding to use intraarticular corticosteroids, in addition to other factors, such as duration of efficacy, cost, and risk of local side effects.
